Abstract-This paper deals with a cooperative decoded relay-of energy consumption arises from MH transmission scheme ing scheme in multihop wireless network and the corresponding that takes advantage of cooperative diversity when multiple transmitters power allocation strategies for nodes belonging to previous nodes along the route cooperate to relay the same a single primary route towards a destination. The proposed .
I. INTRODUCTION
The paper is organized as follows: the system model is Ad hoc wireless network consists of mobile terminals (or described in Sect.II while Sect.III gives an overview of the MH nodes) that may form a temporary network without the aid of transmission scheme. Sect.IV illustrates the MCTC strategy any established infrastructure. If any two nodes are outside and sheds a light on its energy savings potentialities. Two their transmission ranges, they could communicate only if recursive power allocation techniques for MCTC scheme emother nodes are able to relay their packets. Designing multihop ploying the selection combining (SC-MCTC) are proposed in routing strategy together with energy preserving transmission Sect.V together with a specific signalling protocol that conveys techniques is a fundamental issue that involves at all layers the required estimates at the cooperating nodes. Sect.VI shows of the communication system, from the hardware up to the the performance comparison of SC-MCTC and MH in terms applications [1] . of network lifetime for settings with randomly placed nodes of In wireless networks channel fading is one of the main limited battery energy supply (routing is optimized according source of impairment that can be mitigated through the use to [3] ). In summary, SC-MCTC with diversity order of 2 (i.e., of appropriate spatial redundancy also known as diversity. one cooperating node) has an average lifetime that is at least Since the use of nodes equipped with multiple antennas is not 3 times the one for MH. a viable solution, space diversity can be exploited by using distributed antennas belonging to different nodes of the route so as to have a virtual array from node cooperation. Through antenna sharing and distributed transmission this cooperative A wireless ad hoc network is represented by a set g of diversity yields to a meaningful energy savings and throughput randomly distributed nodes within a specific area. Each node is enhancement [2] .
characterized by a single omnidirectional antenna transceiver In this paper we investigate the problem of allocating the and a limited battery energy supply mainly used for the transmit power among cooperative relaying nodes when the transmission and reception of data. Therefore, careful energy route has been optimized separately (e.g., by any energy aware management systems have to be developed in order to cope routing algorithm [3] ) and the network design is based on the with network lifetime maximization. outage probability. Conventional (non-cooperative) multihop A source node (S) generates a data stream for a destination (MH) transmission scheme is known to be an energy aware node (D). Let us assume that an optimal unicast route path strategy that allocate the power on each independent hop 7Z c g from node S to D has been established from the according to the outage constraint [1] . A further reduction network layer and it is composed by a set 7Z of 7Z1 M of is added to the minimal required transmitting power //Ak,k+1
Let the relay processing be characterized by the Decode in order to cope with channel impairments. In the following and Forward (DF) strategy: if node k 7 D has relaying all the power assignments will be scaled with respect to the capabilities, it first decodes and then retransmits the same MH assignment (4). message to the next scheduled node in the route. When active, the kth node transmits to the mth node with a power Pk and it k+1 are transmitted over c+1 orthogonal (on non-interfering) The message xs is one (or a sequence of) complex data subchannels characterized by statistically independent fading, symbol(s) drawn from a unit energy constellation and AWGN multihop diversity up to degree c + 1 can be obtained by the nTm(t) C.A(O, 1) has unit power. Since Ihk,m|x ,it is receiver according to the specific combining technique. In the exponentially distributed and, according to the normalization following we consider a time division based scheme with c = of the AWGN, terms 2ak-,m and -km can also be stated as 1, the extension to a larger degree of cooperation (c > 1) and instantaneous and average signal to noise ratio (SNR) at node to frequency division sub-channelling is straightforward. m, respectively.
The MCTC scheme is illustrated in figure 1 . For each
In the following we consider a threshold link model [5] transmitting node k c R\S there are 2 subsequent nodes where the successful reception for the link k -* m is k + 1, k + 2 (solid and dashed arrows in figure 1 at slot t) in guaranteed as long as 2ak-,m > /, the outage probability is the route that are receiving. From receiving link, the (k + 1)th 'Pout = Pr(yk,m < /) while the probability of successful receiver has 2 copies of the same message during 2 subsequent reception is thus 1 -P0ot. To simplify, we assume that each time slots t -1 and t that can be combined to exploit the hop of the primary route has the same outage probability so multihop diversity order of 2; the cooperative set of nodes that to ensure the end-to-end outage probability 'PEE each hop is thus 'k+l = k-1, k} c RZ. Received signals can be is constrained to have Pot= 1-(1 -PEE) M-1 In addition, collected into 2 x 1 vector y = [Ykk+1 (t), Yk-1-k+ (t-1 )]T the transmitting power is also constrained to the maximum and these are characterized by the average SNRs for each power Pmax as Pk < Pmax for every node k.
time slot {0Ykk+1 ,Yk-1k+1} At time slot t the only power allocation that needs to be assigned is the one of kth node Pk III. MULTIHOP (MH) TRANSMISSION that has to be constrained so that the instantaneous SNR at node k + 1 after the combination of the received copies of the Multihop relaying when the link-layer level cannot support message y is larger than the threshold i with probability at node cooperation is based on the design of the transmission least 1 -oPt. Here we consider a linear combining technique power level pkH at node k for the link k , k + 1 to from the cooperative transmitting set >k+l as account for the fade margin in order to cope with the Rayleigh fading. In order to review the basics of MH transmission (see YTk+l-+k+1 (t) = wHy (5) e.g., [1] SNR at node k + 1 reads
kEiK' kOM kO thus the optimization problem can be stated as in (7) Although for any linear combining technique the analytical hop, the RPA strategy does not exploit the full cooperative derivation of the CDF Fik+tak+a(u) = probQNk+lk+l < diversity degree offered by the MCTC scheme. ry) of the instantaneous SNR ryTk+l-k+1 at node k + 1 after Optimal power allocation for kth node is a trade off between the combiner is intractable, this can be described as the minimum power level P/RPA = A (pMMPA, ATk+l ,k+1) FTk+l k+lQY) ( -Pk, Pk-1, ATk+l1k+1), (6) required according to the RPA strategy and the maximum available power Pmax that minimizes the minimum required in terms of the (known) power assignment of the previous node power level for the next node k + 1 in the route pRPfA Pk-,, the (unknown) power allocation (Pk) of node k, the A(Pk,t figure 2) .
(see Sect.VI-B for numerical validation). A simple argument
Notice that MMPA scheme (Sect. V-B) requires that the to support the min-max strategy (I1) or (13) as energy savings link states Ak+2,k+2 are available at kth node as a result with respect to the MH is that Pk < PkMJlH. This inequality of the previously outlined signalling scheme. Therefore, after residual energies at each node and thus it should maximize the i) the overhead of the power consumption for the signalling network lifetime with respect to x, and X2 (the solution can described in section V-C in neglected; ii) since it is of interest be numerically evaluated and it leads to X1, X2 > 0). Here the here the comparison between two transmission schemes with OLC based routing strategy has been obtained by choosing the same link quality requirements, lifetime reduction due to x, = 1 and X2 = 30 in (17). Of course, OLC comes at retransmission after a link failure (equivalent to an outage the expense of increased complexity with respect to MTPR event caused by fast fading) has been omitted; iii) MTPR as node residual energy information have to be frequently based routing algorithm (dashed lines) and OLC based strategy updated and transmitted among neighboring nodes (notice that (solid lines) are employed at the upper network layer so that routing might change according to the residual energy). To simplify the analysis, each node in the network has the performance as the cooperative MCTC with simpler recursive same amount of initial energy £2 = n9E as a multiple nO (here power allocation (RPA) and MTPR routing; this conclusion nO=320) of the maximum available energy consumption holds true only for multihop diversity of order 2 while larger level £ TsPmax for a transmission with maximum power degree of cooperative diversity improves the benefits of the Pmax= OdBmn of a packet to a node at the maximum distance MCTC. In summary, the mmn-max power allocation in a coop-erative transmission scheme has the advantage of reducing the [ The hybrid multihop-cooperative transmission scheme (MCTC) proposed here takes advantage of cooperative and multihop diversity benefits with linear combining schemes. The two energy efficient power allocation schemes tailored for the MCTC increase the network lifetime at least 2 3 times compared to non-cooperative multihop. Power assignment is recursive and is based on the knowledge of the average attenuation for neighboring nodes, this is easily obtained at network setup (or during the updating). Even if the paper is focused on a practical case with c = 1 cooperating node along the route, results indicate that a meaningful energy savings can be obtained at the price of a reasonable Medium Access Control (MAC) layer complexity. This gain justifies the employment of low-complexity energy aware routing algorithms or indeed route selections based on performance metric other than power consumption (i.e., end to end delay or packet throughput).
VIII. APPENDIX-A: MIN-MAX PROBLEM ( 11)
Let Pk be the solution of (14), when P RPA > Pk the optimization ( 11) 
